Dent ML, Tollin DJ, Yin TC. Influence of sound source location on the behavior and physiology of the precedence effect in cats. J Neurophysiol 102: 724 -734, 2009. First published May 13, 2009 doi:10.1152/jn.00129.2009. Psychophysical experiments on the precedence effect (PE) in cats have shown that they localize pairs of auditory stimuli presented from different locations in space based on the spatial position of the stimuli and the interstimulus delay (ISD) between the stimuli in a manner similar to humans. Cats exhibit localization dominance for pairs of transient stimuli with ͉ISDs͉ from ϳ0.4 to 10 ms, summing localization for ͉ISDs͉ Ͻ 0.4 ms and breakdown of fusion for ͉ISDs͉ Ͼ 10 ms, which is the approximate echo threshold. The neural correlates to the PE have been described in both anesthetized and unanesthetized animals at many levels from auditory nerve to cortex. Single-unit recordings from the inferior colliculus (IC) and auditory cortex of cats demonstrate that neurons respond to both lead and lag sounds at ISDs above behavioral echo thresholds, but the response to the lag is reduced at shorter ISDs, consistent with localization dominance. Here the influence of the relative locations of the leading and lagging sources on the PE was measured behaviorally in a psychophysical task and physiologically in the IC of awake behaving cats. At all configurations of lead-lag stimulus locations, the cats behaviorally exhibited summing localization, localization dominance, and breakdown of fusion. Recordings from the IC of awake behaving cats show neural responses paralleling behavioral measurements. Both behavioral and physiological results suggest systematically shorter echo thresholds when stimuli are further apart in space.
I N T R O D U C T I O N
The precedence effect (PE) is an auditory illusion thought to be responsible for a listener's ability to localize sounds accurately in the presence of echoes in reverberant environments. Laboratory studies on the PE typically mimic a somewhat simplified version of a natural listening situation where a sound (lead) and its echo (lag) are delivered from loudspeakers positioned at different spatial locations, times, or intensities to the listener's ears. Three perceptual phases of the PE have been mapped out by a number of studies. At a 0-ms lead-lag delay, the listener perceives only one fused sound at a position midway between the locations of the lead and the lag. As lead-lag delays increase, the perceived location of the fused auditory image moves toward the leading source until ϳ1 ms when it is perceived at the actual location of the leading source. This phase of the PE is known as summing localization. In the phase known as localization dominance, a single fused auditory image is perceived only at the location of the leading stimulus, as if the spatial information about the lagging source location had been suppressed. Depending on a number of characteristics, this phase lasts for lead-lag interstimulus delays (ISDs) ranging from 1 to ϳ10 ms . The upper end of localization dominance is known as the echo threshold. For ISDs longer than the echo threshold, listeners experience breakdown of fusion and begin to perceive two distinct sound sources near the locations of the lead and lag stimuli. The ISDs corresponding to these phases of the PE described here are derived primarily from human psychophysical studies.
Psychophysical estimates of echo threshold varies across stimulus types, instructions to the listener, and the species being tested. In their review of human studies, Litovsky et al. (1999) report echo thresholds ranging from 2 to 50 ms. Echo thresholds are generally shorter for brief stimuli (Schubert and Wernicke 1969) and can vary with the threshold criterion across laboratories. In animals, echo thresholds have been measured behaviorally in cats, rats, barn owls, budgerigars, canaries, zebra finches, rabbits, and crickets (Cranford 1982; Dent and Dooling 2004; Kelly 1974; Nelson and Takahashi 2008; Spitzer and Takahashi 2006; Tollin and Yin 2003a; Wyttenbach and Hoy 1993) and can range from 3 to 75 ms. As in the human studies, however, these experiments conducted on different animals also used different stimuli and different criteria for echo thresholds. Thus we do not know if the range of echo thresholds represents different species, stimulus, testing, or some combination of these factors.
Neural correlates of the PE and the echo threshold have also been measured in a number of animal species from the auditory nerve to the auditory cortex. In general, neuronal responses to lagging stimuli are reduced (relative to a single-source at the lagging location) at short ISDs and the responses systematically increase at longer ISDs while responses to the leading stimuli are typically thought to remain unchanged except at very short ISDs, at least for stimuli with durations shorter than the ISD (Nelson and Takahashi 2008) . Recordings from progressively higher stations in the auditory pathway show that suppression to the lag for a given ISD also progressively increases until, at the level of the inferior colliculus (IC), neurons reach a response rate of 50% recovery to the lag stimulus at ISDs approximating behaviorally measured echo thresholds (Nelson and Takahashi 2008; Tollin et al. 2004) . For this reason, the bulk of physiological studies on the PE have focused on the IC (reviewed in Dent et al. 2005 ).
Barn owls and cats have emerged as two key models for animal studies on the PE (Cranford 1982; Dent et al. 2005; Keller and Takahashi 1996; Litovsky and Yin 1998a,b; Mickey and Middlebrooks 2001; Spitzer and Takahashi 2006; Tollin and Yin 2003a,b; Tollin et al. 2004; Yin 1994) . Researchers have combined behavior and physiology in these animals to more accurately characterize the important features of the stimuli and listening environment under situations that have been shown to produce the PE behaviorally in those species.
As mentioned in the preceding text, studies of the PE typically vary lead-lag timing or intensity differences, and much is known about changes in the perceived location of paired stimuli as a result of these variations. A less wellstudied aspect of the PE is how changes in the location of lead-lag stimuli affect the timing of summing localization, localization dominance, and fusion breakdown. In humans, headphone discrimination suppression experiments have shown that precedence is weaker when lead-lag ITD differences are large, mimicking large speaker separations (Litovsky and ShinnCunningham 2001; Shinn-Cunningham et al. 1993) , but these studies did not specifically measure echo thresholds. Using dichotic stimuli, Yin (1994) first showed that suppression in the IC of anesthetized cats was stronger when the leading stimulus had an ITD corresponding to a strong response. Litovsky and Yin (1998b) found similar effects with free field stimuli as the position of the lead changed: for most cells (84%), the suppression was stronger when the leading stimulus was presented from a location that by itself evoked a strong response. However, exceptions were found, and in some cases, a pronounced suppression could be evoked even when the leading sound evoked no response. Litovsky and Delgutte (2002) investigated this effect further using virtual stimuli and found that changes in the excitatory lead response were positively correlated with suppression of the lag response in the large majority of units in the IC. The authors interpreted this finding to mean that across the population, a large response to the lead would induce large suppression to a lag that is close in azimuth. Mickey and Middlebrooks (2005) and Reale and Brugge (2000) found similar results in the auditory cortex of anesthetized cats. On the other hand, Fitzpatrick et al. (1995) , recording in the IC of awake rabbits, found that about half the cells showed more suppression when the response to the leading stimulus was minimal.
In the present experiments, we provide a systematic study of the psychophysics of the PE to changes in free field speaker positions in cats that were trained to localize sound sources.
Having assessed the existence of a behavioral effect, we then looked for physiological correlates in the responses of neurons in the IC of those awake, behaving animals. The PE has always been described as the mechanism by which accurate localization of the sound source is maintained in reverberant conditions. If this is the case, localization accuracy should be robust to changes in many characteristics of the listening situation, including the relative spatial distances between the lead and lag sources. One mechanism by which this could be achieved is through a spatial lateral-inhibition mechanism whereby laterarriving sources from different locations are suppressed for a short period of time after the arrival of the leading sound source (Lindemann 1986; Zurek 1987) . Lateral inhibition is usually modeled by the difference of Gaussians with inhibition gradually decreasing with distance. This mechanism predicts that the psychophysical strength of the PE (i.e., the amount of suppression of spatial information in the lagging source) will be inversely proportional to the spatial distance between the leading and the lagging source locations. Physiologically, this mechanism predicts less suppression of the neural response to the lagging source with increasing lead-lag spatial separation. Here we test this hypothesis by measuring and comparing the PE psychophysically and physiologically in awake cats across several speaker separation distances. Dent et al. (2005) recently reported that cats more accurately localize PE stimuli when they are allowed to move their heads, and reports of PE functions in the same animals with their heads fixed and free will also be reported here.
M E T H O D S
All procedures were approved by the University of Wisconsin Animal Care and Use Committee and also complied with the National Institutes of Health guidelines for animal use. Three adult female cats were outfitted with a stainless-steel head post, fine-wire eye coils, and a recording cylinder to access the inferior colliculus with microelectrodes. Details of the surgical procedures can be found in Tollin and Yin (2003b) and Populin and Yin (2002) .
Psychophysical tasks
Detailed methods for the behavioral portion of these experiments can be found elsewhere (Tollin and Yin 2003b) . Briefly, during experimental sessions, the cats sat in a nylon bag in the center of a dimly illuminated (or dark) sound-attenuating chamber with their heads held fixed or free facing a bank of loudspeakers (Morel Acoustics, Model MDT20) and light-emitting diodes (LEDs) located on a radius of 62 cm for some experiments and 81 cm for other experiments (the results from the cats revealed no differences between experimental setups). Acoustic and visual stimuli were presented from 1 of 15 different locations situated within Ϯ45°in front of the cats via the loudspeakers or LEDs. All of the speakers used in this experiment were located on the horizontal meridian so for convenience we will refer to locations in degrees azimuth from the straight ahead position with positive angles corresponding to rightward in azimuth. Eye (head fixed) or gaze (eye in space with head free) position was recorded using the scleral search coil technique. Acoustic stimuli consisted of five identical broadband (1.5-40 kHz) noise bursts of 10 ms in duration gated with a rectangular window (i.e., no onset/offset ramps) presented at a rate of 5 Hz with a total stimulus duration of 1 s.
In this paper, we refer to a "trial" as the presentation of one of these trains of noise bursts. The stimulus was presented from single loudspeakers (single source; SS) or with equal levels from two different loudspeakers (paired source; PE) connected in phase but with an ISD between the onsets. The paired sources were presented from various locations along the horizontal plane. Single-source trials at different speaker locations and paired-source trials with different ISDs were presented randomly. Paired source trials were only presented on ϳ10 -20% of all trials to keep the cats working on the localization task.
For the first experiments, the cats' heads were held fixed, and the second (lag) stimulus was always presented from either ϩ18 or Ϫ18°, while the location of the first (lead) stimulus varied in location from ϩ9 to Ϫ18°. Localization of paired stimuli presented with a 2-or 20-ms ISD were measured for lead-lag separation angles ranging from 9 to 36°. These two ISDs were chosen because 2-ms ISD evokes strong localization dominance and a 20-ms ISD is larger than the echo threshold for these stimuli in cats (Tollin et al. 2004) . One cat was also tested with her head free (unrestrained); under these conditions the lag still remained in a constant position (ϩ18 or Ϫ18°), but the lead location varied from Ϫ45 to ϩ45°, resulting in lead-lag separation angles of Յ63°. For the second experiment, the cats' heads were free, and the lead and lag speaker locations were arranged symmetrically around the horizontal midline. Here, the leading and lagging sources were presented from Ϯ10, 20, 30, 60, or 80°, giving lead-lag separation angles ranging from 20 to 160°. Localization of these paired stimuli was measured for ISDs ranging from 0.1 to 40 ms.
To measure localization performance, we calculated the final eye or gaze position after each trial using the method described in Populin and Yin (1998) . Briefly, we computed the velocity of the eye (or gaze) and the SD of the velocity trace from 100 ms before to 30 ms after the offset of the fixation LED during which time the eye was fixating the LED and eye velocity was nominally zero. After the trigger to make the saccade, the moment when the eye velocity continuously exceeded 2 SD from the mean velocity is the "end of fixation." The time at which the eye velocity returned to within 2 SD of the mean at the end of the saccade is the "return to fixation" and the eye position at that point is the final eye position.
The ability to localize single and paired sound sources was tested psychophysically using a saccade task. The timing of the stimulus presentation is shown in Fig. 1A . The cats were required to maintain fixation within a specified electronic window centered on an LED located at 0°for a variable time period (mean of 500 ms). If they correctly maintained fixation during the random fixation period, the LED was extinguished and the click train was presented from a randomly chosen speaker. For the single source stimulus trials, the cats were required to make a saccade to a location within another electronic window centered about the location of the speaker (Ϯ8 -15°) within 1.5 s and to maintain fixation on the target for ϳ750 ms for a food reward of a small dollop of pureed cat food. For the paired source stimulus trials, the cats were required to maintain fixation at the LED, but because these stimuli were illusory, and therefore had no "correct" response, the cats were rewarded on all trials regardless of where they looked during the saccade phase of the trial following LED offset.
Physiological recordings
During the physiological recordings, stimuli were 10 -30 dB above each neuron's threshold to the train of noise burst stimuli, measured at 18°in the contralateral field, and the level was held fixed for all trials. Recordings were taken from the sensory probe task to eliminate the possible confounding effects of eye position on the responses of the neurons; the responses of some IC neurons to sounds presented from identical spatial locations have been shown to be modulated with changes in eye position (Groh et al. 2001; Zwiers et al. 2004) . Here the initial fixation LED remained illuminated during stimulus presentation, and the cats were required to maintain fixation on the LED throughout the stimulus duration to receive a reward. If the cat broke fixation of the LED at any time during stimulus presentation, the trial was discarded and was not analyzed further. This, along with the random selection of stimulus configurations from trial to trial (i.e., single or paired source with an ISD from different spatial locations) and the limited holding time of each neuron, often resulted in differing numbers of trials for each stimulus configuration. During both training and recording, both sensory probe and saccade tasks were presented randomly.
Standard extracellular recording techniques were used to record the discharges of well-isolated single neurons in the IC of the cats while they were behaving in the head-fixed sensory probe psychophysical task. Responses were measured to SS stimuli presented from various locations between Ϫ45 and ϩ45°. Responses to PE stimuli were measured with the lag stimulus located at Ϫ18 or ϩ18°(whichever was in the hemifield contralateral to the recording site) and the lead stimulus at a range of locations from Ϫ45 to ϩ45°. The data reported here are from units with recordings from at least five locations spanning Ն36°in space for the SS condition and from at least four locations spanning Ն27°in the PE condition.
To summarize the responses of each neuron to the train of transients, the response rasters were "folded" on the 5-Hz period of the stimulus within trials and then summed across trials of the same type and location to produce a summary histogram (see Tollin et al. 2004) . For each neuron, responses were collected from 3 to 15 trials, and given that there were five noise bursts comprising the train, this results in 15-75 total presentations of each individual noise burst within the 5-Hz period. For the single-source condition, the number of spikes was counted in an analysis window the onset and duration of which were defined by the poststimulus time at which the instantaneous discharge rate (computed in 1-ms bins) exceeded 2 SD of the mean spontaneous rate computed 500 ms prior to each trial (Tollin et al. 2004 ). The total number of spikes in the analysis window was divided by the number of individual stimulus presentations, yielding the mean number of spikes/stimulus to normalize for different numbers of trials.
For the paired-source condition, the dependent variable of interest was the response to the lag as a function of the ISD and the lead stimulus location. To compute the lag response, we used the same analysis window defined for the single-source condition at the corresponding lagging location but shifted it in time by the duration of the ISD. The procedure was checked visually for all neurons to ensure that the window was placed over and captured all of the lagging response. Because the analysis windows for each neuron were computed separately for the different single-source locations tested, when the locations of the leading and lagging sources differed, so too did the onset times and durations of the leading and lagging analysis windows. The lag responses at each ISD were computed and then normalized by the response to the "lag" presented by itself (e.g., single source condition) from the same location. A normalized response of 1.0 indicates the response to the lead had no effect on the response to the lag while values Ͻ1.0 indicate a reduction in the lag response.
Histology
After the completion of the experiments, the cats were killed and perfused with 10% formalin. Two metal pins were placed through the recording chamber near the "center" of where most putative neurons in the central nucleus of the inferior colliculus (ICC) were obtained.
The pins were later used to block the midbrain for sectioning, after fixing the tissue in a solution of 10% formalin, and to confirm electrode penetrations through the ICC. Although it was difficult to get precise localization of each electrode penetration due to the number of days of recording (several months in some cases), each of the pins traversed the ICC, and assuming that electrode penetrations were parallel to the pins, all penetrations from which the data were taken were through the ICC. Figure 1 shows the horizontal components of the raw eye traces from cat 21 with her head fixed (B and C) and free (D and E) under SS (B and D) and PE (C and E) conditions. For all conditions, the cat accurately looked at the location of the initial fixation LED until the auditory stimuli were presented (vertical line at 0 ms). When the SS acoustic target was presented from either ϩ18 or Ϫ18°, Fig. 1 , B and D, shows that the cat made accurate eye or gaze movements to those locations. When paired stimuli were presented from both locations ϩ18 and Ϫ18°with a 2-ms ISD, Fig. 1 , C and E, shows that the cats made accurate eye or head movements to the leading stimulus location and never looked to the lag. Figure 2 shows behavioral responses to PE stimuli for three cats with their heads fixed. Here, mean final eye positions are shown across many ISDs and with either speaker B leading (negative ISDs) or with speaker A leading (positive ISDs). Response azimuths for all three cats are similar to those published earlier (Tollin and Yin 2003a) . For short ͉ISDs͉ (Ͻ0.5 ms), encompassing summing localization, the cats looked toward an intermediate location biased to the leading speaker. For longer ISDs, encompassing localization dominance, the cats looked toward the leading stimulus, although they tended to undershoot their final eye position relative to localizing the lead stimulus presented in isolation (see Tollin et al. 2003a for a discussion of target undershooting in headfixed conditions). For even longer ͉ISDs͉ (more than ϳ10 ms)
R E S U L T S

Psychophysical results
Response Azimuth (deg.) past the echo thresholds, cats looked either toward the location of the lead or the location of the lag stimulus, bringing the mean to close to 0°response azimuth. Figure 3 shows the disparity or error in localizing the lead PE stimulus in the three subjects with heads restrained when the effect of lead-lag separation distance was investigated at the 2 and 20 ms ISDs. By disparity, we mean the spatial deviation in localizing the leading stimulus location. Positive disparities indicate undershooting of the lead target. Cat 21 was also tested with her head free. At 2 ms ISD, there was little effect of lead-lag separation distance on lead source localization. Although the magnitude of the deviation varied from cat to cat, the deviations were virtually constant for each cat across many lead-lag separation distances (Fig. 3A) . For all cats, the deviation with the PE stimuli was virtually identical to the deviation for single source stimuli presented in isolation from the leading location. Thus spatial separation does not induce any additional error in localizing the lead source. This ISD (2 ms) is in the localization dominance phase of the PE where the cats only look toward the location of the lead speaker. These results show that for both fixed-and free-head cats, lead-lag separation distance has no influence on the accuracy of localization of that leading stimulus. As expected, accuracy was substantially better for the head-free cat, but again there was no effect of leading stimulus location on this accuracy. For all results across all cats, the relationship between the disparity in localizing the lead and the lead-lag separation angle produced a mean correlation coefficient r value of 0.24 (P Ͼ 0.05). Figure 3B shows a different pattern of results for the 20-ms ISD. Here, disparities in localizing the lead were smaller for smaller lead-lag separation distances (r ϭ 0.53, P Ͻ 0.05). As lead-lag separation distance increased, the disparities in localizing the lead increased. This means that at this long ISD, which is near or past the echo threshold for these stimuli in cats (Tollin and Yin 2003a) , the cats were more often undershooting the lead source location when speaker separations were larger. That the behavioral responses were "pulled" toward the lagging location is evidence of breakdown of fusion (Tollin 2003a) . These results suggest that the echo threshold is smaller for larger lead-lag separation distances; this led us to investigate the full range of ISDs at more locations.
Because the variable of interest in these experiments was the effect of lead-lag separation distance on the localization of PE stimuli, and not just the ability to localize sounds at various locations in azimuth, the accuracy in localizing SS stimuli presented from the same locations was necessary for normalizing PE responses. Figure 4 shows azimuthal errors in localizing SS stimuli by two cats tested with their heads free. For both cats, accuracy in localizing SS stimuli located toward the midline was more accurate (smaller error) and precise (smaller SD of error) than localizing these same stimuli at the peripheral locations. Thus the animals are both less accurate and less precise at localizing stimuli located in the periphery (see Moore et al. 2008) . Figure 5 shows normalized localization of PE stimuli by two cats tested with their heads free. Here, the locations of the lead and lag were symmetrically placed around the midline at Ϯ10 to Ϯ80°. The data were normalized to the localization of the lead stimulus presented in isolation and then averaged across the midline. Data points near 0 indicate across-trial average responses toward the midline, data points near 1.0 indicate responses toward the lead, and data points near Ϫ1.0 indicate responses toward the lag. The large abrupt increase in the variability of the localization for ͉ISDs͉ Ͼ10 ms reflects the fact that the cats localized the lead source on some trials but the lag source on others, consistent with breakdown of fusion (Tollin and Yin 2003) . We define psychophysical echo threshold from these data as the ISD at which the data cross a normalized response line at 0.5 from responses favoring the leading location (e.g., normalized response of 1.0) to responses favoring neither location (e.g., normalized response of 0.0). These results show that all of the phases of the PE, summing localization, localization dominance, and fusion breakdown are seen for all lead-lag stimulus separation distances, although the time course of the phases differs somewhat across conditions. Specifically, echo thresholds (as assessed by the crossing point of 0.5) are shorter for the largest two lead-lag separation distances (ϳ7 ms) than for the three smallest lead-lag separation distances (ϳ13-20 ms). That is, there is more suppression of the lagging sound for small lead-lag separations.
Lead-Lag Separation Distance (deg.) We conducted a one-way repeated measures ANOVA and found a significant difference between the echo thresholds at different speaker separation distances [F(1,4) ϭ 16.51, P Ͻ 0.01]. A subsequent Holm-Sidak post hoc analysis revealed that the echo thresholds for speakers located at Ϯ10°were significantly different from the echo thresholds for speakers located at both Ϯ60 and Ϯ80°(P Ͻ 0.05), while no other pairwise analyses showed significant effects.
Physiological results
For the single source condition, responses were obtained from a total of 34 neurons. For each neuron, responses were measured from at least five loudspeaker locations spanning Ն36°in space. For the PE conditions, responses were studied from at total of 31 (2 ms ISD) and 29 (20 ms ISD) neurons, each recorded from at least four lead locations spanning Ն27°i n space. An additional 16 units were recorded at the 20-ms ISD under only two conditions: where the lead and lag were both at the same contralateral location (ϩ18 or Ϫ18°) and where the lead was in the opposite hemifield to the lag. The sensitivity to sound source azimuth was quantified using the modulation index (MI), defined as (R contra -R ipsi )/(R contra ϩ R ipsi ) where R is the response to the single source in either the ipsi-or contralateral hemifield to the recording site. Our mean MI was 0.17 for ipsi-and contralateral stimuli located at Ϯ18°a nd 0.13 for stimuli located at Ϯ36°. This is similar to the MI of 0.23 found by Tollin et al. (2004) . In both studies, most units were more responsive to stimuli presented from the contralateral hemifield than to stimuli presented from the ipsilateral hemifield. Figure 6 shows results from one neuron under SS, 2-ms PE, and 20-ms PE conditions with the lag stimulus always presented from Ϫ18°and the lead stimulus presented from locations ranging from Ϫ32 to ϩ32°. This unit showed robust responses to both SS and PE stimulus presentation types at all lead-lag locations and ISDs but had an MI somewhat higher than the population mean MI: 0.4. For the 20 ms ISD, peak responses to both the lead and lag can be seen, while at the 2-ms ISD, the response is similar to that seen in the SS condition. Figure 7 shows the total responses to the SS (A) and PE stimuli with ISDs of 2 ms (B) and the response to the leading source (C) and to the lagging source (D) at 20-ms ISD as a function of lead-lag separation distances for the same unit shown in Fig. 6 . This unit's response was more robust for SS stimuli in the contralateral (negative positions) sound field than the ipsilateral. In general, the responses for this unit changed across speaker separation distances for both the 2-ms ISD (Fig.  7B ) and the 20-ms ISD (C). Also plotted in Fig. 7 , B and C, are the responses expected if the neuron exhibited perfect localization dominance in responding only to the lead source and not to the lag (dashed line). In general, the results for 2-ms ISD ( results for the leading component of the response to 20-ms ISD (Fig. 7C ) are similar to the responses for the lead-only condition, especially for positive positions. Importantly, the responses to the lagging component (fixed at Ϫ18°) with the 20 ms ISD systematically decreased as the speaker separations moved closer to the lag location itself. The dashed line in Fig.  7D indicates the response to the lag source location in the SS condition.
In Fig. 8 we summarize the responses for all units in a similar fashion as the single unit in Fig. 7 , but here the responses were normalized to the SS stimuli at the same position to account for the individual directionality of each of the units. For example, in the single-unit example in Fig. 7 , the empirical responses shown in the bar graph were normalized by the expected response indicated by the dashed line. The normalized plots were then averaged across units for each condition. One-way repeated-measures ANOVAs were conducted on each of the three sets of normalized data to determine if the lead-lag separation distance had an influence on the firing rate under each of the PE conditions. For the 2-ms ISD, there was no significant influence of lead-lag separation distance: F(6,131) ϭ 1.62, P Ͼ 0.05, consistent with localization dominance. For the lead stimulus at the 20-ms ISD, there was also no significant influence of lead-lag separation distance: F(7,138) ϭ 1.67, P Ͼ 0.05. Thus at this ISD, the response to the leading stimulus is not affected by the lead-lag separation distance. However, for the lag stimulus at the 20-ms ISD, there was a significant influence of lead-lag separation distance: F(7,138) ϭ 5.78, P Ͻ 0.001. Here firing rates of the neurons systematically decreased (i.e., there was more suppression to the lagging stimulus) as lead-lag separation distance decreased. Figure 9 shows results from 25 units where we compared the effect of a leading stimulus at the same location as the lagging stimulus with one in a symmetric location in the opposite hemifield with an ISD of 20 ms. The lagging stimulus was always at 18°in the hemifield contralateral to the recording site. The lead stimulus was either at in the same location as the lag or in the ipsilateral hemifield to the recording site at 18°. The summary results in Fig. 9 reveal that there were more units where there was more suppression when the leading stimulus was at the same location as the lagging stimulus, i.e., with negative average differences, although there were neurons in both classes. This, along with the results from the preceding experiment, suggests, for a given ISD, that more recovery to the lag stimulus occurs when the lead is located further away from the lag than when the lead is located closer to the lag.
Behavior versus physiology
To compare our behavioral and physiological results, we re-plotted in Fig. 10 the mean normalized behavioral and physiological responses at 20-ms ISD as a function of lead-lag spatial separation (behavior from Fig. 5, physiology from Fig.  8 ). As in the preceding text, both the physiological and behavioral responses were normalized to the responses to a SS at the lag's location. Behavioral responses were also collapsed across the midline and averaged across cats. The behavioral and physiological results were similar to each other across lead-lag separation distances. For both behavior and physiology, as lead-lag separation distance increases, the response is more similar to that of the lag when presented in isolation (normalized response of 1.0) than it is at smaller lead-lag separation distances.
D I S C U S S I O N
In a series of experiments, we combined behavioral and physiological measurements in the same animals that were tested in the same apparatus using the same stimuli to study the PE. Such experimental techniques are essential for determining how the processing of complex auditory stimuli such as those that evoke the PE are accomplished. Here, for the first time in an animal, we show that changes in the spatial separation of stimuli designed to mimic a primary sound and a single reflection can systematically change the size of the behaviorally and physiologically measured echo threshold similarly. Behaviorally, cats exhibited larger echo thresholds with small speaker separation distances (13-26 ms for speaker separations of 20 -40°) and smaller echo thresholds for larger speaker separation distances (1-7 ms for speaker separations of 120 -160°). Physiologically, IC neurons showed more recovery to the lag stimulus at a 20-ms ISD when lead-lag distances were larger (mean normalized response of 1.0 at a 63°lead-lag separation distance) than when they were smaller (mean normalized response of 0.68 at 0°lead-lag separation distance). The neural recovery rates of IC neurons with increasing spatial separation suggest parallels to behavioral results. Tollin et al. (2004 ), among others (Fitzpatrick et al. 1995 Litovsky and Yin 1998a; Yin 1994) , calculated neural echo thresholds using a measure known as the half-maximal ISD. This is where the lag response reaches 50% of the response to a SS stimulus at the lagging location. As mentioned in the preceding text, for a 20-ms ISD, our normalized responses ranged from 0.68 to 1.0, suggesting that the neural echo thresholds based on this metric had been exceeded already by 20-ms ISD. For the same stimuli used in this study, Tollin et al. (2004) reported neural echo thresholds based on the half-max metric of ϳ10 ms for a fixed lead-lag speaker separation of 36°. Psychophysically, using the same method employed here to determine echo threshold, Tollin and Yin (2003) reported that the echo threshold in three cats was ϳ14 ms for a lead-lag separation of 36°. By 20-ms ISD, Tollin et al. (2004) reported that the across-neuron response to the lag had recovered to ϳ0.75. In the present study, for a lead-lag separation of 36°, the normalized across-neuron response to the lag was quite similar at 0.84. In agreement with these studies cited in the preceding text, the neurons studied here have recovered more than halfway for all speaker separation distances at the 20-ms ISD. There was a significant increase in recovery as speaker separation distance increased from 0 to 63°, however, suggesting that if echo thresholds were able to be calculated for all speaker separation conditions, they would also decrease with increasing speaker separations in a manner parallel to our psychophysical findings (Fig. 5) .
A potential alternative explanation of the results might be found in the so-called average binaural level (ABL) (Goldberg and Brown 1969) . As sound source azimuth is changed, there are concomitant increases and decreases of sound pressure level at the two ears due to the filtering of the head and pinnae. In addition to creating acoustical cues such as the interaural level difference, the average binaural sound level (i.e., the arithmetic average of the SPL at the two ears) changes as well. There are no published reports in the literature of ABL for adult cats, so we computed it from the data in Tollin and Koka (2009) . For frequencies from 1-25 kHz and azimuths between Ϯ50°about the midline, the ABL in adult cats decreases as a source is moved laterally away from the midline (ABL is 0 dB at the midline), but by Ͻ5 dB. With regards to the PE, as the lead is moved in azimuth relative to the lag, the ABL of the lead will change, which may possibly affect the neural responses to the lag. However, because the experiments here were performed in awake behaving animals, the ABLs in the actual experimental conditions are difficult to estimate because the animals moved their pinnae quite extensively. Thus, we could not test directly whether ABL played a role in our results.
The behavioral and physiological results correlate well in this experiment. These results provide a neural substrate for the behavioral observation that animals experience changes in the time course of localization dominance and echo thresholds across different speaker positions. Moreover, conducting the experiments on awake and behaving animals allowed us to more closely determine the nature of the responses without the biasing effect of anesthetics, which have been shown to overestimate echo thresholds (Tollin et al. 2004 ).
The psychophysical results in Fig. 3A show that localization of the leading stimulus is not affected by the spatial position of the lagging stimulus for ISDs of 2 ms. In agreement with this behavioral result, the data shown in Fig.  8A show that the response to a PE stimulus with the same ISD is independent of the lead-lag separation distance. In contrast, the behavioral results shown in Fig. 3B show an apparent weaker suppression of the lagging stimulus with larger distances between the lead and lag, resulting in more orienting away from the leading stimulus. Figure 8C shows that suppression of the lagging stimulus is stronger for smaller separation distances, in accordance with the behavior shown in Figs. 3 and 5 and in agreement with other studies in the IC and auditory cortex of cats, which found that suppression of the lagging stimulus was usually stronger at spatial locations near the lag and weaker at positions farther away from the lagging stimulus (Litovsky and Delgutte 2002; Litovsky and Yin 1998b; Mickey and Middlebrooks 2005; Yin 1994) . Fitzpatrick et al. (1995) , on the other hand, found about an equal number of cells in the rabbit in which there was more suppression by a favorable and unfavorable ITD; this would not be congruent with our psychophysical finding. Our psychophysical results are in agreement with behavioral headphone studies in humans, which found that precedence is weaker with large ITDs between the leading and lagging stimuli (Litovsky and Shinn-Cunningham 2001; Shinn-Cunningham et al. 1993 ). More importantly, the experiments reported here, where behavioral and physiological responses were collected from the same species using the same experimental setup and stimuli, indicate that our interpretations of the behavioral responses by animals are supported in single units in the auditory system of the cat. 
